ABSTRACT: We investigated the importance of algal detritus in determining complex patterns of spatio-temporal variation in annelid assemblages in sites separated by 10s of meters on mudflats on Long Island, New York. We used field sampling to test the hypothesis that spatio-temporal variation in annelid assemblages contributes substantially more to total variation than consistent spatial differences among sites (pure spatial variation). While this pattern was generally shown by dominant surface-feeding annelids (e.g. Paranais litoralis and Streblospio benedicti), this was not the case for the deeper-feeding orbinid polychaete Leitoscolopolos robustus. We enriched the sediment with Ulva rotundata detrius to test the hypothesis that variation in detrital enrichment creates complex spatio-temporal patterns in annelid assemblages. Initially, the diversity and abundance of annelids was lower in enriched sites compared to untouched sites because of anoxic conditions at the sediment -water interface in the manipulated treatment. After about 1 mo, however, populations of opportunistic surface-feeding annelids (e.g. P. litoralis and Capitella capitata) increased in enriched sites to peak significantly higher than those in unmanipulated sediment, indicating resourcelimitation. The annelid assemblages in different treatments then converged in June/July when the excess detrital resources were sufficiently depleted. Overall, we demonstrate the important role that deposition of detritus plays in determining variation in soft-sediment communities. More than just simple spatial variation, however, we show that detritus enrichment can generate the complicated spatio-temporal patterns observed in natural annelid assemblages.
INTRODUCTION
The composition of most benthic marine communities is extremely variable in space and time (Barry & Dayton 1991 , Morrisey et al. 1992a ,b, Underwood & Chapman 1998 . Although this variation occurs at a hierarchy of different scales (Thrush 1991 , Underwood & Chapman 1996 , Azovsky et al. 2000 , there is a growing awareness of the relative importance of variation among sites separated by 10s of meters in many benthic marine habitats (e.g. soft sediments: Morrisey et al. 1992a , mangroves: Chapman 1998 , rocky shores: Olabarria & Chapman 2001 ). This intermediate-scale variation is often considered a nuisance because it obscures processes governing community structure and increases the need for replication at this scale (Underwood 1994 , Kelaher et al. 2001 . Nevertheless, understanding biological and environmental processes that cause variation at this scale is essential for developing ecological generalizations and for sensibly scaling up predictive models to those important for managing natural environments.
Like other marine benthic communities, softsediment assemblages dominated by deposit-feeders generally exhibit spatial variation among sites separated by 10s of meters (Thrush 1991 , Morrisey et al. 1992a , Zajac 2001 . In many cases this variation has been explained by small-scale differences in the physical environment or in biotic interactions (e.g. sediment, grain size, predation or competition; see Gray 1974 , Woodin 1974 , Olafsson et al. 1994 for reviews). Nevertheless, these simple relations often prove insufficient to completely explain inter-site variation (Snelgrove & Butman 1994 ).
An alternative explanation for intermediate-scale variation emerges from the work of Johnson (1970) , who saw soft-sediment habitats as a spatial landscape of patches with different elapsed periods since disturbance. Rhoads et al. (1978) also described small-scale disturbances, such as sediment deposition or eutrophication, as a mechanism of initiation of communities consisting of deposit-feeding species that relied on seasonal deposition of detritus at the sediment -water interface. Subsequent studies have shown that these simple successional sequences are more nonlinear than initially predicted because of complex spatial relationships (Thrush et al. 1996 , Whitlatch et al. 1998 , Zajac 2001 , variation in patterns of recruitment (Olafsson et al. 1994 ) and interactions among sedimenthydrodynamic factors (Snelgrove & Butman 1994) . Despite this, it has become abundantly clear that small-scale/short-term perturbations have the potential to cause substantial spatio-temporal variation in the structure of macrobenthic assemblages in softsediment habitats at intermediate scales (Thistle 1981 , Thrush et al. 1996 .
Benthic communities on intertidal mudflats near saltmarshes are generally dominated by deposit-feeding invertebrates (Levin 1984 , Lopez & Levinton 1987 . Biotic interactions in these habitats are fueled by inputs of detrital material from a number of sources, including saltmarshes, macroalgae or phytoplankton (see Nixon 1980 for review). Some of this organic detritus is consumed directly by deposit-feeding organisms (Findlay & Tenore 1982 , Peterson et al. 1986 ). Bacteria then break down much of the remaining material (Rublee 1982) , which in turn provides nutrients for other benthic microorganisms (e.g. diatoms) that are directly consumed by deposit-feeders. These microorganisms are a major source of nutrition for depositfeeding invertebrates that feed near the sedimentwater interface , Findlay & Tenore 1982 , Lopez & Levinton 1987 .
Because the population abundances of common deposit-feeders are often limited by the availability of algal detritus (Levinton & Stewart 1982 , 1988 , Lopez & Levinton 1987 , spatial and temporal variation in its deposition can create variation in benthic community structure (Hull 1987 , Raffaelli et al. 1998 , Bolam et al. 2000 , Rossi & Underwood 2002 . The effects of detritus enrichment can be further complicated by short-term anoxic events that occur at the sediment -water interface when enrichment is excessive (Wharfe 1977 , Levinton & Stewart 1988 , Tagliapietra et al. 1998 . Anoxic conditions in surface sediments can substantially reduce the diversity and abundance of macrofauna (Diaz & Rosenberg 1995 , Tagliapietra et al. 1998 . When this sediment eventually becomes oxygenated, however, a large amount of nutrients become available for micro-and macrofaunal population growth compared to areas where detritus-induced anoxia has not occurred (Levinton & Stewart 1988 , Bianchi et al. 2000 . Localized detrital enrichment of soft sediments, therefore, has the potential to substantially increase spatio-temporal variation of faunal assemblages (Rhoads et al. 1978 , Rossi & Underwood 2002 .
Our study is based on previous laboratory studies that demonstrated that detrital inputs stimulate flushcrash cycles of deposit-feeding annelids (Tenore 1977 , Levinton & Stewart 1982 , 1988 , Tenore & Chesney 1985 . Cheng et al. (1993) connected these laboratory results to seasonal flush-crash cycles of annelids in salt-marsh mudflats of Long Island, New York. On these flats, the oligochaete Paranais litoralis and the polychaete Streblospio benedicti show strong population peaks in the spring, followed by rapid declines in the early summer. During this period, the nutritional content of the sediment declines substantially, as evidenced by steadily declining percentage assimilation of carbon and the successively reduced ability of the sediment to support population growth of P. litoralis in the laboratory (Cheng et al. 1993) . As well as showing strong seasonal patterns of abundance, these common annelids also show substantial spatial variation at intermediate scales (Nilsson et al. 1997, B. P. Kelaher et al. unpubl. data) . While it is possible that this variation is maintained consistently throughout the large seasonal changes, the biology of these organisms suggests that differences in abundance among sites must change through time (Levin 1984 , Nilsson et al. 1997 , 2000 .
To address this, we investigated spatio-temporal variation of annelid assemblages in sites separated by 10s of meters on mudflats on Long Island, New York. We focused on annelids because they generally account for more than 90% of the total macrofaunal abundance (J. S. Levinton unpubl. data). In the first part of this study, we used field sampling to evaluate patterns of annelid assemblage development by testing the hypothesis that assemblages vary significantly among sites separated by 10s of meters, as well as through time. Following the predictions of Johnson (1970) , we also tested the hypothesis that most of this variation is caused by changes in average assemblage structures in sites relative to each other over time (spatio-temporal variation), rather than by sites remaining consistently different over time (pure spatial variation). In the second part, we used field experiments to test the hypothesis that detrital enrichment is the driving force in altering abundances of deposit-feeders and is contributing substantially to spatio-temporal patterns of species abundance and composition.
MATERIALS AND METHODS
Description of study site. This study was done on intertidal mud flats at Flax Pond, Long Island, New York, USA (see for description). These mud flats are typical of those found in southern New England, USA, and are surrounded by salt-marsh, dominated by Spartina alterniflora. Decomposing algae organically enriches surface sediments on these flats. The biomass and species composition of the algae is variable throughout the year, although the green alga Ulva rotundata is generally the most abundant species on the mud flat (Levinton & Stewart 1982) . Detrital resources in the sediment are especially high in early spring because of the low levels of benthic activity over winter (Levinton 1985 , Cheng et al. 1993 . As temperatures increase in March and April, small patches (<1 m) of white sulfur bacteria appear on the surface of the mud in some places, indicating anoxic conditions just below the sedimentwater interface. These patches rarely persist into May (J. S. Levinton pers. obs.).
Variation in annelid assemblages. To test the hypothesis that annelid communities at Flax Pond are variable in space and time, 4 sites (2 × 2 m) were haphazardly selected at similar tidal heights. Each site was located approximately 10 to 15 m from its nearest neighbor. All sites were sampled 13 times between 10 May 2001 and 4 January 2002 at approximately 3 wk intervals. On each day of sampling, 5 randomlyplaced cores (5 cm in diameter and 5 cm deep, 100 cm 3 ) were collected from each site. Each core was washed in a 500 µm sieve, and the material retained was preserved in a 7% formalin solution. The material from each sieved core was then carefully sorted under ×16 magnification and all annelids identified to species.
Effects of surface anoxia on structure of annelid assemblages. To test the hypothesis that detrital addition affects annelid communities, a manipulative experiment was set up in March 2002. We haphazardly selected 3 plots (0.25 m 2 ), about 15 m apart, and handchurned 52 g of dried shredded Ulva rotundata into the upper 3 cm of sediment of each plot. This amount of U. rotundata represents the average biomass m -2 deposited under U. rotundata patches over the winter period on the mud flats at Flax Pond (Levinton & Stewart 1988) . Laboratory studies have shown that adding this quantity of U. rotundata detritus to Flax Pond sediment often causes anoxic conditions at the sediment -water interface for approximately 2 to 3 wk (Levinton & Stewart 1982) . The U. rotundata for this and other experiments (see below) was collected live from nearby areas and had a mean (SD, n = 2) C:N ratio of 7.62 (0.10), which was slightly lower than that of After a period of 4 wk following the addition of Ulva rotundata, 3 more plots (0.25 m 2 ) were chosen in places that had white sulfur bacteria on the surface of the sediment, indicating anoxic conditions. On these flats, patches of white sulfur bacteria were often comparable in size to discrete patches of U. rotundata, and it is probable that these factors are linked. Another 3 plots were also haphazardly chosen in areas with no white sulfur bacteria present; 3 randomly placed cores (5 cm in diameter and 5 cm deep, ~100 cm 3 ) were collected from each plot. Each core was sieved and the annelids were quantified using the methods described above. A control treatment to test for the disturbance of adding U. rotundata was not included, because previous work had indicated that this manual disturbance had no detectable impact on annelid assemblages (Kelaher et al. 2003 , see also third subsection of 'Results').
Effect of detrital enrichment on development of annelid assemblages. To test the hypotheses that detrital input changes the space-time trajectory of annelid assemblages, another manipulative experiment was set up in March 2002. Eight sites (1 m 2 ) were haphazardly selected at similar tidal heights and randomly allocated to 3 treatments: an Ulva rotundata-enriched treatment (3 sites), an untouched treatment (3 sites) and a disturbance control (2 sites). Each site was approximately 5 m from its nearest neighbor and at a similar tidal height. We hand-churned 208 g of dried shredded U. rotundata into the sediment of each site in the detritus-enrichment treatment. This amount of U. rotundata was equivalent per unit area to the amounts used in the detrtial enrichment experiment described above. To control for the manual disturbance of adding U. rotundata, sediment in disturbance sites was also hand-churned, but no detritus was added. Only 2 plots were used in this treatment because previous work had indicated that manual disturbances had few lasting effects on macrofauna (B. P. Kelaher et al. unpubl. data) .
Annelid assemblages at each site were sampled 6 times after addition of Ulva rotundata at approximately 2 wk intervals. The experiment was limited to spring because this is the most dynamic period for annelid assemblages at this site (Cheng et al. 1993) . At each time of sampling, 4 randomly placed cores (5 cm in diameter and 5 cm deep, ~100 cm 3 ) were collected from each plot. To reduce the effects of repeated sampling, each core was collected from a spot that had not been previously sampled. Sampling was also done from wooden planks to reduce trampling disturbance around the plots. Each core was sieved and the annelids quantified using the methods described above.
Statistical analyses. Analyses of variance (ANOVA) were used to test hypotheses about the number of annelid species and the abundance of the most common species. Student-Newman-Keuls (SNK) tests were used for a posteriori comparisons among means. The variances of abundance of common annelids were mostly heterogeneous (Cochran's C-tests, p < 0.05). To reduce heteroscedasticity, these data were transformed using a ln(x + 1) function prior to analysis (Underwood 1997) . Unbalanced ANOVAs were used to test for effects of sediment disturbance on annelids (Winer et al. 1991) . Univariate components of variation were estimated using the residual maximum-likelihood method (see Robinson 1987) .
Non-parametric multivariate analyses of variance (NP-MANOVA) were used to test hypotheses about differences in annelid assemblages (Anderson 2001 , McArdle & Anderson 2001 . These analyses test for overall multivariate changes in community structure, which may include differences in composition, richness and/or abundance of individual species. Non-metric multidimensional scaling (nMDS, Field et al. 1982) was used to produce 2-dimensional ordination plots that tracked relationships among assemblages of annelids through time. For these analyses, data were averaged across sites. All multivariate analyses were done using BrayCurtis similarity coefficients (Bray & Curtis 1957) .
For all analyses, time of sampling was considered a random factor (see Underwood 1997) . As a consequence, there was no exact test for comparisons among treatments in the experiment investigating the effects of detritus enrichment on spatio-temporal dynamics. This was overcome for comparisons of natural and disturbance controls by analyzing data for each time of sampling separately. For comparisons of the treatment with detritus added and the natural control treatment, interpretations were made using the significant time × detritus enrichment interaction. In the one case where this interaction was not significant (i.e. Leitoscolopolos robustus), a denominator for the F-ratio was estimated to enable comparison among treatments (see Sokal & Rohlf 1995) .
RESULTS

Variation in annelid assemblages
A total of 22 species were identified from the 12 801 annelids found during the field sampling. The structures of these annelid assemblages were extremely variable in space and time. Multivariate comparisons of assemblages showed a significant interaction between sites and time of sampling (Table 1) . Similar results were achieved by univariate comparisons of species richness and the abundance of common annelid assemblages (Table 2 , Fig. 1 ). Only Capitella capitata showed variation among sites that was relatively consistent through time (Table 2, Fig. 1 ).
There appeared to be 3 distinct periods in the development of annelid assemblages (Fig. 1) sharp declines in both species, followed by a relatively stable period until mid-October in which there were only relatively small changes in annelid assemblages. Subsequently, there was another dynamic period, starting in mid-October, during which the abundances of the opportunistic species, P. litoralis and Capitella capitata showed large fluctuations in abundance. There were 2 exceptions to this pattern: first, C. capitata was only found in low abundance from May to September; and second, the abundance of the deepfeeding orbinid polychaete Leitoscolopolos robustus, was relatively stable for most of the year (Fig. 1 ).
For the surface-feeding annelids Paranais litoralis, Streblospio benedicti and Nereis succinea, the greatest change in abundance in sites relative to each other occurred in May, June and July (Fig. 1) . For the 2 dominant species, P. litoralis and S. benedicti, the population variances are clearly best explained by variation in time and by the space-time interaction (combined total of 67% for P. litoralis and 52% for S. benedicti). In contrast, the sum of time-associated and space-time variance components were relatively small for the deeper-feeding Leitoscolopolos robustus (13%). For this species, spatial variation was relatively more important (23%). An nMDS plot of site averages for the first 5 times of sampling demonstrates the development of annelid assemblages during the dynamic period in spring (Fig. 2) . While it appears that annelid assemblages at all sites converged by mid-July, they clearly took very different paths getting there. During the first 3 sampling times, the annelid assemblage at each site differed substantially from those at other sites for at least 1 time of sampling. The most extreme example is Site 1, whose annelid assemblages deviated massively from those at other sites. The variation in direction and magnitude of changes in annelids between sites would certainly contribute to the significant multivariate site × time interaction in Table 1 .
The highest component of variation in annelid assemblages occurred at the level of cores (Table 1) . The site × time interaction contributed the next biggest component of variation, and this was followed by pure temporal variation. Finally, pure spatial variation among sites accounted for the least amount of variation in multivariate analyses of macrofaunal assemblages (Table 1) . Overall, the relative change in annelid assemblages in sites over time explained much more of the total variation than consistent site-to-site variation. Similar patterns were shown by the surface-feeding polychaetes, Paranais litoralis, Streblospio benedicti and Nereis succinea, although this was not the case for, Capitella capitata and Leitoscolopolos robustus (Fig. 1) .
Effects of surface anoxia on structure of annelid assemblages
Anoxic conditions up to the sediment -water interface strongly affected annelid assemblages (NP-MANOVA, pseudo-F 2, 6 = 3.88, p < 0.001, Fig. 3 ). Assemblages in plots with oxic conditions were significantly different from those in plots with natural and detritus-induced anoxic conditions (pair-wise tests, p < 0.01), which did not differ (pair-wise tests, p = 0.67, Fig. 3 ). This result is further supported by Fig. 3 , which shows substantial separation between annelid assemblages in anoxic and in oxic sediment. This plot also appears to show that variation among cores is greater in anoxic plots than in non-anoxic plots. Analysis of multivariate dispersion demonstrated, however, that variation in annelid assemblages did not significantly differ among treatments (NP-DISP, pseudo-F 2, 6 = 2.63, p = 0.15).
In nearly all cases, the diversity and abundance of annelids were substantially less in anoxic sediment than in oxic sediment, although these differences were only significant for species richness and the abundance of Paranais litoralis and Streblospio benedicti (Table 3 , Fig. 4 ). Only the densities of Capitella capitata appear to have been unaffected by anoxia, although the abundance of this worm was extremely low at the time of this (Table 3 , Fig. 4 ). For all analyses, there were no significant differences between natural (as indicated by surface microbial mats) and experimentally-induced anoxic conditions (Table 3 , Fig. 4 ), indicating that Ulva rotundata addition created an anoxic disturbance similar to that found naturally on the mud flat.
Effect of detrital enrichment on development of annelid assemblages
No differences were detected between annelid assemblages in undisturbed and manually disturbed sediment on any of the 6 sampling occasions (Fig. 5) shown by univariate analyses of the diversity and abundance of annelids (Table 4 ). The only exception to these general results was Capitella capitata at the fourth time of sampling (Table 4) . However, given the large number of comparisons, it is probable that this was simply a Type 1 error rather than an explainable Table 4 . Unbalanced ANOVAs comparing number of annelid species and abundance of common annelids (n = 4 replicate cores) in undisturbed and manually disturbed sites at the 6 times of sampling. Table shows F-ratio and p-value of treatment comparisons tested over nested factor of sites (3 undisturbed, 2 manually disturbed) effect. Overall, it appeared that the manual disturbance associated with Ulva rotundata addition had few, if any, lasting effects on the development of annelid assemblages. Consequently, this control treatment was excluded from further analyses. There were significant differences between assemblages of annelids in sediment with enhanced detritus and those in undisturbed sediment at the first 3 times of sampling, but no significant differences for the remaining 3 times of sampling (Fig. 6 ). Fig. 7 shows the temporal development of assemblages of annelids in the undisturbed control and detritus-enriched treatments. For the first 3 times of sampling, the average assemblages in each treatment took very different temporal paths. Nevertheless, by the fourth time of sampling, the structure of annelid assemblages had converged and followed similar paths. In many respects, this is similar to the field sampling results in 2001, although the convergence was somewhat earlier in the season.
The univariate comparisons reflect the multivariate results in that differences among treatments were not consistent in time (see significant time × treatment interactions in Table 5 ). Species richness was significantly depressed in the detritus-enriched treatment for the first 2 times of sampling, but after this resembled the richness of species in undisturbed sediment (Fig. 8) . A similar depression was shown in the abundance of Paranais litoralis for the first 2 times of sampling and in the abundance of Streblospio benedicti for the first 3 times of sampling. Almost certainly, these effects are related to anoxic conditions associated with adding detritus, as white sulfur bacteria were present on the surface of the sediment for the first 2 times of sampling. At the third time of sampling, there was a dramatic increase in the abundance of the opportunistic annelids P. littoralis and Capitella capitata. The orbinid polychaete, Leitoscolopolos robustus, was the only species not to respond to the addition of Ulva rotundata.
DISCUSSION
The compositions of annelid assemblages at Flax pond were extremely variable in space and time. The general seasonal patterns were similar to those reported for previous studies of intertidal mud flats in New England (e.g. Cheng et al. 1993 , Nilsson et al. 1997 in that there was a spring boom in which surfacefeeding annelids peaked in abundance. This was fol- lowed by severe crashes in some populations around June/July and a stable period with low annelid abundances over summer. Finally, there was an increase in the abundance of opportunistic species just before the coldest months in late fall/early winter. At Flax Pond, the spring boom is probably initiated by a high deposition of algal and saltmarsh detritus and a low decomposition rate over the winter period (Levinton & Stewart 1988 , Cheng et al. 1993 . The combination of these factors creates an ideal environment for microbial productivity and population growth of deposit-feeding invertebrates when temperatures increase in March (Levinton 1985 , Lopez & Levinton 1987 . Nevertheless, these excess detrital resources usually run out in early summer and microbial production decreases, closely followed by crashes in populations of opportunistic deposit-feeders (Marsh & Tenore 1990 , Cheng et al. 1993 . It is also possible that a seasonal increase in predation of annelids by fishes and crabs in late spring contributes to the demise and suppression of annelid abundances in some systems. However, caging experiments have shown that these predation effects are negligible at Flax Pond (Cheng et al. 1993) .
The general seasonal patterns of annelids are perhaps best demonstrated by the numerically dominant annelids, Paranais litoralis and Streblospio benedicti, which showed highest abundance during the spring boom, followed by a massive population crash in June/July. Generally, the abundance peak of P. litoralis precedes that of S. benedicti, which is probably attributable to differences in reproductive biology: P. litoralis reproduces asexually by naidian paratomy, which permits rapid population growth (Nilsson et al. 1997 (Nilsson et al. , 1999 , whereas S. benedicti in this area reproduces sexually and has planktotrophic rather than lecithotrophic larvae (see Levin & Creed 1986 for details), which may delay initial recruitment into adult populations at the beginning of spring. Although the exact timing of the crash varies from year to year, the abundance of the oligochaete Paranais litoralis consistently decreases several weeks prior to, and with much greater magnitude than, the decrease in abundance of the spionid polychaete Streblospio benedicti. Because these deposit-feeding species generally obtain most of their nutritional needs from microorganisms at or near the sediment -water interface (Lopez & Levinton 1987) , the timing and strength of these crashes provides relatively strong evidence for resource-limitation when the microbial productivity decreases dramatically in June. The greater subsequent survival of S. benedicti over P. litoralis is probably attributable to the former's larger biomass and spionid feeding flexibility, which can include the capture of suspended particles from the water column (Taghon et al. 1980 , Dauer & Ewing 1991 , Taghon 1992 , Dauer 2000 . Further experiments are, however, required before the exact mechanism can be determined.
While our results show that disturbance in general can cause variation among annelid assemblages in sites separated by 10s of meters, the relative importance of effects depended on the type of disturbance applied to the system. For example, physicochemical disturbance of anoxic conditions at the surface-water interface substantially reduced the diversity and abundance of annelids. In contrast, our simulation of a localized physical disturbance by hand-churning the sediment surface had no detectable effect on annelids. Small physical disturbances from burrowing crustaceans and benthic fishes are common in softsediment habitats (Levin 1984 . Our results show that annelid assemblages at Flax Pond are relatively resilient to these small-scale disturbances at the intensity used in our treatments.
Although annelid assemblages varied significantly among sites separated by 10s of meters, the patterns and magnitudes of these differences varied substantially from time to time. As well as significant site × time interactions, this was strongly reflected in the variance components. In these analyses, the spatiotemporal component of variation contributed much more to the total variation than the pure spatial component, which is what would be expected if the system resembled a mosaic of patches rather than a rigid spatial structure. These results emphasize the importance of processes that act on short-term temporal scales (e.g. disturbances, detritus inputs and recruitment events) rather than those that operate consistently over long time periods (e.g. relatively permanent changes in the physicochemical environment).
While the most abundant annelids showed this pattern of variation, there were several notable exceptions. Probably the most important of these is the orbinid polycheate Leitoscolopolos robustus, which lives and feeds more deeply in the sediment than the other common species investigated (Bianchi 1988 , Bianchi & Rice 1988 . In many respects, L. robustus appears to represent a stable element at all sites because, in contrast to the surface feeders, it showed less spatio-temporal and temporal variation. Bioturbation of this deep-feeding species contributes to diagenesis of organic matter, resulting in a suite of more slowly degrading fractions deeper into the sediment (Mayer & Rice 1992) . On the other hand, burrowing activities of this species may promote positive feedback toward the surface, enhancing microbial activity for surface feeders (Bianchi et al. 1989) . Thus, in the long run, activities of this deeper feeder might subsidize surface feeders.
From an examination of the field sampling data, it appears that the mud flats at Flax Pond during the spring boom are perhaps best described by Johnson's (1970) hypothesis of a mosaic of patches. This description does not, however, represent community dynamics during summer and fall, when spatio-temporal variation among sites was small. This is perhaps most clearly seen in the MDS plot that tracked the development of annelid assemblages and showed a convergence of sites in July, after fluctuating during spring. Although a number of factors may be responsible for these intriguing seasonal patterns of inter-site variation, we hypothesize that spatial variation in the deposition of detritus has a large influence, because (1) the population abundance of surface deposit-feeders is resource-limited (Levinton & Stewart 1988, B. P. Kelaher et al. unpubl. data) , (2) the nutritive quality of the sediment is higher but may be more spatio-temporally variable in spring than in summer (Cheng et al. 1993 , Cheng & Chang 1999 , and (3) the magnitudes of local increases in population abundances during spring are directly proportional to available resources (Levinton & Stewart 1982 , 1988 .
Inputs of algal detritus can clearly influence patterns of spatial and temporal variation of micro-and macrofaunal assemblages in soft-sediment habitats (Tenore 1977 , Cheng et al. 1993 , Raffaelli et al. 1998 , Rossi & Underwood 2002 ). Our study shows that detrital enrichment and anoxic disturbance contributes to the substantial spatial variation in annelid assemblages at the scale of 10s of meters. More than this, however, our study demonstrates that simple spatial variation in the deposition of detritus can also generate the complicated spatio-temporal patterns observed in natural systems. This study, therefore, highlights the important role of interactions generated by the bottom-up force of localized macroalgal detrital food input and its indirect short-term consequence of surface anoxic disturbance in generating the complex patterns of benthic community structure in soft-sediment habitats.
